1 stria vascularis, reduces the endocochlear potential and suggests the 2 neuropathology for human nonsyndromic deafness DFNB39 3 Abbreviated title: Mouse model of HGF DFNB39 deafness.
Introduction 1 2
Stria vascularis measurements and fluorescence intensity quantifications of strial cell 2 5 1 type markers. ImageJ was utilized to calculate the cross-sectional area and thickness of 2 5 2 the SV in mid-modiolar sections of both wild type and homozygous KI mice in both the 2 5 3 Hgf del10Neo and Hgf del10 mouse lines at postnatal day 60 (P60). Fluorescence intensity 2 5 4 quantification was performed in ImageJ by calculating the fluorescence intensity of the 2 5 5 outlined region of the SV. Fluorescence intensity was normalized by comparing the SV 2 5 6 fluorescence intensity to that of a corresponding region in the scala media. Measurements for the upper (apical), middle, and lower (basal) turns of the cochlea 2 5 8 were obtained. These measurements were obtained for known SV cell types including fluorescence intensity was unchanged between KI and WT mice with no statistically 2 6 3 significant difference between fluorescence intensity measurements (data not shown). or T-2000, Sarasota, FL) inside a sound-treated booth (Acoustic Systems, Austin, TX). A rectal probe was used to monitor body temperature and a heating pad was used to Processor) and software (BioSigRZ, v. 5.1; RRID: SCR_014820). For ABR testing, subdermal needle electrodes (Rhythmlink, Columbia, SC, USA) 2 7 5 were placed at the vertex, under the test ear, and under the contralateral ear (ground). Blackman-gated tone burst stimuli (3 msec, 29.9/sec, alternating polarity) were presented to the test ear at 8, 16, 32, and 40 kHz via a closed-field TDT MF-1 speaker.
7 8
Responses were amplified (20x), filtered (.3-3 kHz) and digitized (25 kHz) with 512- 1024 artifact-free responses per waveform. For each frequency, testing began at 80 dB 2 8 0 SPL and decreased in 10 dB steps until the ABR waveform was no longer discernable.
8 1
If no response was obtained at 80 dB SPL, testing was performed at a maximum level 2 8 2 of 90 dB SPL. Once the response was lost, testing continued in 5 dB steps with a 2 8 3 minimum of two waveforms per stimulus level to verify repeatability of ABR waves. lowest stimulus level that yielded repeatable waves. EP measurements. Methods for endocochlear potential (EP) measurement have been 2 8 8 described (Wangemann et al., 2004; Wangemann et al., 2007) . Here, mice were 2 8 9 anesthetized with 2,2,2-tribromoethanol (T4842, Sigma-Aldrich, St. Louis, MO) at a 2 9 0 dose of 0.35 mg/g body weight. EP measurements were made using glass 2 9 1 microelectrodes inserted into the round window and through the basilar membrane of 2 9 2 the first turn of the cochlea. Induction of anoxia, allowing measurement of anoxic-state 2 9 3 EP, was accomplished by intramuscular injection of succinylcholine chloride (0.1 µg/g, 2 9 4 NDC-0409-6629-02, Pfizer, NY, NY) after establishment of deep anesthesia followed by 2 9 5 1 4 additional injection of 2,2,2-Tribromoethanol (T4842, Sigma-Aldrich, St. Louis, MO).
9 6
Anoxic-state EP provides an indicator of the lowest EP and sensory hair cell function. In 2 9 7 the presence of functional hair cells, the anoxic-state EP is negative, whereas the EP is 2 9 8 zero if the hair cells are not functional. Data were recorded digitally (Digidata 1440A and 2 9 9 AxoScope 10; Axon Instruments) and analyzed using Clampfit10 (RRID: SCR_011323, Transcriptomics. KI and WT littermate mice at 5-27 weeks of age were euthanized via 3 0 3 CO 2 asphyxiation, and dissections of the cochlea, lung, and kidney were immediately (Invitrogen). For RNA-seq, total RNA from cochleae was reverse transcribed with The reads were mapped to the mouse genome (GRCm38.vM11) using STAR (Dobin et 1 5 enrichment results. Enrichr employs three approaches to compute enrichment as 3 1 9 previously described (Jagannathan et al., 2017) . The combined score approach where 3 2 0 enrichment was calculated from the combination of the p-value computed using the 3 2 1
Fisher exact test and the z-score was utilized. RT-PCR was performed using C57BL/6J 3 2 2 wild type P1 mouse cochlea cDNA and PCR products were Sanger sequenced. Quantitative RT-PCR were performed using ddPCR (digital droplet) Supermix for Probes (186-3024, BioRad, Hercules, CA) on a Bio-Rad QX200 droplet digital PCR were calculated as ratio of positive Hgf cDNA droplets to droplet positive for the 3 2 7 housekeeping gene Gusb. hematology and histology. There were no obvious differences between genotypes in degeneration. Circling behavior and head-bobbing were not noticed in KI mice. No 3 7 0 significant differences attributable to genotype were found in any other organ system. Homozygous KI mice from both mouse lines (Hgf del10Neo and Hgf del10 ) were Responses (ABR) to pure-tone stimuli. Homozygous Hgf del10Neo KI mice displayed 3 7 6
profound hearing loss at 4 weeks of age ( Fig. 3A) , which was unchanged at 8 weeks of inner and outer hair cells and supporting cells ( Fig. 3B ), but at P90 there was a loss 3 8 9
of outer hair cells ( Fig. 2A,B) . The Hgf del10Neo/del10Neo mice exhibited a profound hearing 3 9 0 loss starting at 4 weeks of age. In contrast, strial thinning ( Fig. 3 ) and reduced KCNJ10 3 9 1 expression was observed at P60 ( Fig. 4 ) that preceded degenerative changes in the 3 9 2 organ of Corti ( Fig. 2A,B) . After a gross wild type developmental patterning of the 3 9 3 cochlea, we sought to identify the primary defect causing the hearing loss in the 3 9 4
homozygous Hgf del10Neo and Hgf del10 KI lines. The thinning and sometimes detachment of the SV seen in the KI mice was 3 9 6
reported in a mouse with a conditional deletion of Hgf exon 6 and in a constitutively 3 9 7
overexpressing Hgf mouse (MH19) (Takayama et al., 1996; Schultz et al., 2009 ). This was especially interesting given that expression of Hgf and Met, encoding the HGF (EPs) in P60 mice as a direct measure of SV function. The EP has been shown to be 4 1 0 directly proportional to strial volume (Schulte and Schmiedt, 1992) . Homozygous Hgf 4 1 1 del10Neo and Hgf del10 lines showed statistically significant reduction in their EPs when 4 1 2 compared to their WT littermates ( Fig. 4A ; unpaired 2-tailed Student t-tests, p < 0.001).
1 3
The SV is composed of three cellular layers: marginal, intermediate and basal 4 1 4 cells ( Fig. 2A) . Examination of the SV with immunohistochemistry using antibodies 4 1 5 specific for each layer (Fig. 4B-D for the other two strial cell types are not reduced in homozygous KI mice (Fig. 4C,D) .
Immuno-staining intensities for SLC12A2, a marker for marginal cells (Fig. 4C,E) , are Hgf del10 homozygous KI mice (p < 0.01) ( Fig. 4C,E) . Expression intensities for CLDN11, primary defect in Hgf del10/del10 mice is a significant reduction in the number of neural 4 3 7
crest derived melanocytes that infiltrate the developing SV. KI mice compared to WT (p = 0.0004, p = 0.03, respectively) in both Hgf del10Neo and Hgf 4 4 5 del10 lines (Fig. 6A,B) . In kidney and lung, there were no expression differences between 4 4 6
WT and KI mice (p = 0.11 and 0.79 for kidney, and p = 0.64 and 0.99 for lung). Probes transcripts. The 6a/6b ratios were reduced in KI compared to WT mice in both lines (p = 4 5 0 0.03 and p = 0.01, respectively) and these changes were not observed in the kidney 4 5 1 and lung (all p-values > 0.03 for kidney and lung, both lines) (Fig. 6B ). These data Process, GO Molecular Function, GO Cellular Component) reveals that these genes, The preferential reduction of Hgf in the cochlea in the case of the del10 4 6 7 mutation coupled with the confinement of differentially expressed genes to melanocyte- Hgf and the other probe (Mm-Hgf-C3) detected the Hgf RNA sequence towards the C-4 7 8 terminus (Fig. 7A ). Both probes detected the full-length Hgf mRNA in the SV of E14.5, Mm-Hgf-C3 (blue) in marginal cells at E18.5 wild type mice (Fig. 7B) . In adult wild type and Reissner's membrane (Fig. 7C ). The ionic composition of cochlear endolymph within the inner ear has a notably high qualifies as a neurocristopathy that is surprisingly nonsyndromic (Bolande, 1974; Vega- suggests that the initial tissue affected is the SV. Cell type-specific protein expression homozygous KI mice. This is consistent with the observed reduction in future mouse line ( Fig. 5; (Shibata et al., 2016) ), and with the depletion of intermediate cell
specific transcripts in homozygous mutant cochleae (Fig. 6C) . These results link the SLC12A2 to transport potassium from the intrastrial space to maintain the low intrastrial hearing loss in Hgf del10Neo mice may result in the induction of a compensatory 5 2 0 mechanism heralded by an increase in SLC12A2 protein expression to account for the cassette may be a tool to explore the response of marginal cells to reduction of SV 5 2 6
intermediate cells.
2 7
Despite ABR threshold elevations in both the homozygous Hgf del10Neo/del10Neo and
Hgf del10/del10 KI mice, there is an intact organ of Corti at P60, with only a dysfunctional (PVM/Ms) as described (Zhang et al., 2012) . A third non-mutually exclusive possibility is 5 4 5 2 5
that Hgf del10 incompletely damages the process of neural crest cells integration into the compared to WT mice (p = 0.11 and 0.79 for kidney, and p = 0.64 and 0.99 for lung). transcriptome profiles of whole cochlea from Hgf del10Neo homozygous KI (KI.S1, KI.S2, 7 4 6 KI.S3) to transcriptome profiles of whole cochlea from WT littermates (WT.S1, WT.S2, including 19 genes that were down-regulated and 14 genes that were upregulated in the 7 5 0 KI transcriptomes. Higher red intensity corresponds to higher relative expression; higher 7 5 1 3 4 blue intensity corresponds to lower relative expression. Histogram color bar is shown for 7 5 2 reference. WT (wild type), KI (knock-in). Hgf mRNA in the perinatal stria vascularis (SV) at E14.5 and E18.5. Representative 7 6 0 images of E14.5 and E18.5 stria vascularis co-labeled with smFISH probes for Mm-Hgf-7 6 1
No-XHs (red) and Mm-Hgf-C3 (blue). The full-length form of Hgf is detected by both 7 6 2 probes at E14.5 and E18.5. Scalebars are 50 µm (first row) and 10 µm (other rows). C. Extended Figure 1-1 
